Poliovirus receptor (Pvr), erythrocyte protein band 4.1-like 3 (Epb4.1l3), regulator of G-protein signaling 11 (Rgs11), and oxytocin receptor (Oxtr) expression were quantified in in vitroand in vivo-grown mouse follicles. The expression of all genes was increased during antral growth in in vitro-grown cumulus cells, whereas only Rgs11 and Oxtr were increased and Pvr and Epb4.1l3 were decreased in in vivo grown cumulus cells. In vivo mural granulosa cells showed the highest expression of Pvr, Rgs11, and Oxtr. The in vitro granulosa + theca compartment responded to human chorionic gonadotropin during early luteinization by either an upregulation (Pvr, Oxtr) or downregulation (Epb41l3, Rgs11). Oocytes expressed Epb4.1l3, not Rgs11, and Pvr only in in vitro-grown oocytes. Translation into protein was confirmed for Epb4.1l3 in in vitro-grown follicles and in vivo-grown cumulus-oocyte complexes. Protein 4.1B was present during antral growth in cumulus, granulosa cells, and oocytes. Hypothetical functions of Epb4.1l3 and Pvr involve cell adhesion regulation and Rgs11 could be involved in cAMP production in the follicle. Oxtr is known to be important during and after the ovulatory stimulus, but, as in bovine, was also regulated during folliculogenesis. High expression of Pvr and Epb4.1l3 with culture duration in cumulus cells might mark inappropriate differentiation into a mural granulosa-like cell type and function as negative follicle development marker. Rgs11 and Oxtr are both in vivo and in vitro upregulated in cumulus cells during antral follicle growth and might be considered positive markers for follicle development.
INTRODUCTION
Some examples of the bidirectional communication directed by oocyte and granulosa cell expressed genes are already well studied in the preantral follicle growth phase. Growth of oocyte and follicle requires the oocyte-specific GDF9 and BMP15 expression in a regulatory loop with KITL expression in granulosa cells [1] . Only limited information on gene expression regulation during the antral growth phase is available. This period of follicle development is dependent on follicle-stimulating hormone (FSH); granulosa cells proliferate and differentiate in cumulus and mural granulosa cells upon formation of the follicular antrum, and oocytes cease to grow and acquire meiotic and developmental competence. Successful completion of these developmental stages is attributed to a correct interplay between oocytes and their surrounding cells [2] .
During in vitro culture, however, we found a discrepancy in meiotic and developmental capacity of oocytes cultured for 8 or 12 days in a mouse IVF setting, with maximal meiotic competence after 12 days, but significantly higher two-cell rate of oocytes if follicles were cultured for only 8 days [3] . To understand better the processes coinciding with loss of developmental competence during in vitro culture, an exploratory microarray experiment was performed. Expression in cumulus cells of early antral follicles in vitro (Day 8) and large preovulatory follicles (Day 12) at 0, 4, 8, 12 , and 16 h after the ovulation stimulus was compared to that in cumulus cells of in vivo superovulated mice at the same time points (unpublished results; for more details see Supplemental Data; all Supplemental Data are available online at www.biolreprod.org). Genes at least 23 upregulated between cumulus cells of 8 and 12 days cultured follicles were selected. This upregulation was considered possibly aberrant if also a 23 expression difference between in vitro and in vivo 0 h human chorionic gonadotropin (hCG) was found and if in vivo post-hCG timing (10-16 h) showed an increase. In this respect, Pvr, Epb4.1l3, Rgs11, and Oxtr were further investigated (see Supplemental Fig. S1 ).
Poliovirus receptor (Pvr) or alternatively CD155 (human), Necl-5, or Tage4 (rodent) is a transmembrane glycoprotein with three immunoglobulin (Ig)-like domains [4] . Although mice are not susceptible for poliovirus, they do express a poliovirus receptor, as also described for nonsusceptible tissues in human like liver, pancreas, placenta, and lung, and low expression has also been found in testis and ovary [4, 5] . The mouse ortholog of PVR possesses only 42% amino acid identity to CD155, but an identical chromosomal location, exon/intron structure, expression pattern, binding partners, and functions strongly suggest a common ancestral gene [4] . Pvr is involved in cell-matrix adhesion through vitronectin and in cell-cell adhesion through nectin-3 [6] and enhances cell motility and proliferation induced by growth factors like platelet-derived growth factor (PDGF) and fibroblast growth factor (FGF) [7] [8] [9] . Pvr expression is regulated mainly at the transcriptional level, where V12Ki-Ras stimulates the Pvr promoter mediated through the RAF-MEK-ERK-AP-1 pathway [10] .
The erythrocyte protein band 4.1-like 3 (Epb4.1l3) gene codes for the mouse protein 4.1B, and is the mouse ortholog of human EPB41L3 (alias DAL1) [11] . The protein has three functional domains that possess binding sites for cytoplasmic tails of integral membrane proteins like band 3, glycophorin, CD44, neurexin, p55, calmodulin, the cytoskeleton elements actin and spectrin, and the immunophilins FK506 binding protein 2 (FKBP2) and nuclear mitotic apparatus protein 1 (NUMA1). However, the use of two alternative first exons and complex tissue-specific alternative splicing changes protein characteristics and function within different localizations [11, 12] . The mRNA has been predominantly found in distinct regions of the brain and in the adrenal gland; lower expression has been detected in muscle cells and reproductive tissues and localizes in regions of cell-cell contact [11] . Protein 4.1B is described to be a tissue-specific growth suppressor [13, 14] and specifically binds 14-3-3 molecules [15] involved in antiapoptotic kinase pathways [16] and contactin associated protein-like 1 (CNTNAP1)/paranodin and CNTNAP2 linking them to the actin cytoskeleton in axial junctions [17] . Localization of protein 4.1B in regions of cell-cell contact has also been confirmed in rat intestinal epithelium [18] , in kidney proximal tubular cells [19] , and in testis in seminiferous tubule epithelium and the contact site of Sertoli cells and spermatogonia [20] .
The regulator of G-protein signaling (RGS) family of proteins shares a 120 aa catalytic RGS domain [21] . This domain acts as a GTPase activating protein, which accelerates greatly the hydrolysis of bound guanosine triphosphate (GTP) at the Ga subunit of the G protein to guanosine diphosphate (GDP). Ga-GDP will reassociate with the Gb and Gc subunit and hereby negatively regulate G-protein signaling [22] . RGS11, together with RGS6, RGS7, and RGS9, belongs to the R7 subfamily. In mammals, R7 family members are predominantly expressed in brain, but are also present in other tissues like lung, heart, placenta, and kidney [23, 24] . They have been implicated in the regulation of crucial neuronal processes such as vision, motor control, reward behavior, and nociception and modulate the pharmacological effects of drugs involved in the development of tolerance and addictions [25] . R7 subfamily members contain a central G-protein gamma subunit-like (GGL) domain and a DEP/DHEX (dishevelled, EGL-10, pleckstrin/DEP helical extension) domain. The GGL domain specifically interacts with the G-protein b5 subunit (GNB5) [26] and the N-terminal DEP/DHEX domain mediates interactions with the membrane anchor proteins R7 family binding protein (R7BP) and RGS9 anchor protein (R9AP) [27] . Up to now, only Rgs2 is documented in rat granulosa cells and cumulus cells. Many signaling cascades involve G-proteincoupled receptors, as does hormonal signal transduction. Rgs2, transiently upregulated after the ovulatory stimulus, is presumed to attenuate hCG-induced G-protein signaling [28] .
The oxytocin (OXT) receptor (Oxtr) is a G-protein-coupled, seven-transmembrane domain receptor [29] expressed in many tissues, including brain, thymus, ovary, and testis [30] . Binding of the neuropeptide OXT to OXTR will typically induce Ca 2þ release and downstream target phosphorylation, leading to cell type-specific downstream events [30] . In the mammalian ovary, OXT influences steroidogenesis, ovulation, luteinization, and luteal regression [30] .
In a search for new follicle maturity markers, the expression pattern of Epb4.1l3, Pvr, Rgs11, and Oxtr in mouse was determined in cumulus cells of in vitro-cultured and in vivogrown follicles during antral follicle growth. The effect of the ovulatory stimulus on gene expression was studied both in cumulus and in the granulosa þ theca compartment to evaluate the possible involvement of these genes in final cumulus differentiation and early luteinization of mural granulosa cells. Finally, we measured the levels of expression in cumulus, granulosa þ theca cells, and oocytes at different stages of in vitro and in vivo follicular development to determine which were the cell types predominantly expressing these novel genes in the ovary.
MATERIALS AND METHODS

Mice and Follicle Culture
In this study we used F1 mice (C57BL/6J 3 CBA/Ca; Charles River) housed and bred according to national standards for animal care, and allowed by the ethical committee for animal experiments of the Vrije Universiteit Brussel (project 09-216-1).
At the age of 13-14 days, preantral follicles were mechanically isolated from the mice ovaries in isolation medium (L15 Leibovitz-glutamaxI medium supplemented with 10% heat inactivated fetal bovine serum [HIA FBS], 100 U/ml penicillin, and 100 lg/ml streptomycin; all from Gibco, Invitrogen) and cultured in a-minimal essential medium with glutamaxI (a-MEM; Gibco, Invitrogen) with 5% HIA FBS (Gibco, Invitrogen), ITS (5 lg/ml insulin, 5 lg/ml transferrin, 5 ng/ml selenium; Sigma), and 10 mIU/ml recombinant FSH (r-FSH; Gonal F; Merck Serono) throughout and 10 mIU/ml recombinant LH (r-LH; Luveris; Merck Serono) only added at the first day of culture. Twelve to 14 preantral follicles were put as single units in 75 ll culture medium in a 96-well plate (Costar; Elscolab) and 30 ll conditioned medium was refreshed with preincubated culture medium every 4 days [31] . At the end of culture (Day 12), an ovulatory stimulus inducing meiotic resumption was given by replacing the sampled medium with culture medium supplemented with 3 IU/ml recombinant hCG (r-hGC; Ovidrell; Merck Serono) and 10 ng/ml recombinant epidermal growth factor (r-EGF; Roche). All manipulations were done on a heated stage (378C) and follicles were grown at 378C, 100% humidity, and 5% CO 2 in air.
At the first day of culture the quality of the follicles-follicle diameter (110-130 lm), intact oocyte-granulosa cell connection, and theca cell presence-was ascertained. Follicles were individually evaluated and classified for their growth profile on the days of medium refreshment (Days 4, 8, and 12) and an additional endpoint analysis was performed when cells and medium were sampled on Days 6, 10, or 14. Briefly, follicles kept their follicular structure for the first 4 days of culture. Diffuse follicles displayed granulosa cell growth through the basal membrane overgrowing the theca cell monolayer that had formed (Days 4-8). The final growth stage was characterized by the formation of antral-like cavities, which divided the granulosa cells into mural and cumulus granulosa cells . After the ovulatory stimulus, mucification was scored as the degree of expansion of the cumulus cells surrounding the oocyte.
In Vitro Cell Collection
To study gene expression throughout antral follicle growth, cumulus cells were collected at Days 6, 8, 10 , and 12 during standard follicle growth conditions (Fig. 1A) . The growth of some culture plates was extended to 14 days to obtain a suboptimal condition, wherein oocytes lost their capacity to complete meiosis [3] . Additionally, cumulus cells, granulosa þ theca cells, and oocytes from cultured follicles after 8 and 12 days of growth and 16 h after the ovulatory stimulus were collected (Fig. 1B) . To study early luteinization in granulosa þ theca cells, the ovulatory stimulus was given on Day 12 after standard follicle culture. The maturation process in the oocyte is completed within 16 h after the ovulatory stimulus [31] . At this moment the cumulus oocyte complexes (COCs) were removed from the mural granulosa compartment to mimic the ovulation process. The remnant follicles were harvested before the ovulatory stimulus and at 16, 24 , and 48 h after the ovulatory stimulus (Fig. 1C) . Three replicate culture experiments were performed in each setting. One sample consisted of cells coming from a pool of follicles starting to form antral cavities within one culture plate (pools of cells from 5-13 follicles) and was snap frozen in liquid nitrogen.
In Vivo Cell Collection
Prepuberal mice of 24 days old were superovulated by an intraperitoneal injection of 2.5 IU eCG (Folligon; Intervet International). COCs from large antral follicles were punctured in isolation medium at 24 and 48 h after injection, to span the final stages of antral follicle growth in vivo (Fig. 1D ). Cumulus cells from on average eight follicles were pooled and snap frozen in two replicate experiments using four mice per time point. The expression pattern in time after the ovulatory stimulus was established on cumulus cells of 48-h eCG-primed mice at 0, 4, 8, 12, 16 , and 24 h after a 2.5-IU injection of hCG (Chorulon; Intervet International). COCs were punctured from large antral follicles at 0, 4, and 8 h and flushed from the ampulla at 12, 16, and 24 h posthCG (Fig. 1E) . One sample consisted of a pool of cumulus cells coming from SEGERS ET AL. five or six COCs and was snap frozen. In total, three replicate experiments with two mice per time point were performed. Finally, ovaries from prepuberal eCGprimed mice were collected at 24 and 48 h after eCG and 11 h after hCG. Large antral follicles were punctured, COCs removed, and the inner follicle wall gently scraped with needles. The freed mural granulosa cells were collected per ovary, COCs were washed, oocytes were freed from the cumulus cells, and cumulus cells and oocytes were separately snap frozen (Fig. 1F) . One sample consisted of a pool of mural cells, cumulus cells, or oocytes coming from 10-18 large antral follicles from one ovary. Samples were collected in two replicate experiments with three mice per time point.
Steroid Production of Cultured Follicles
During refreshment of the follicle culture, spent medium was collected, pooled per plate, and stored at À208C upon steroid measurement. During the last phase of follicle growth (Days 8 and 12), 17b-estradiol (E2) production was measured with a radioimmunoassay from Clinical Assays (DiaSorin; Sorin Fueter) having a functional sensitivity of 20 ng/L and a total imprecision profile ,10% coefficient of variation (CV) for concentrations between 50 and 750 ng/ L. Progesterone (P) secretion was determined both before and after the ovulatory stimulus with Prog-CTRIA (Cis Bio International) with a functional sensitivity of 0.5 lg/L and a total imprecision profile ,10% CV for concentrations between 3 and 50 lg/L.
Quantitative Real-Time PCR
Total RNA extractions were done using RNeasy Micro Kit (Qiagen) following manufacturer's instructions, slightly adapted to optimize yield and quality for small amounts of cumulus cells [32] . Fourteen microliters of total RNA in water was obtained and stored at À808 until further use. Complementary DNA synthesis was performed on 12 ll total RNA using Taq Man Reverse Transcription Reagents (Applied Biosystems) with hexamer primers for 30 min at 488C, and the resulting 50 ll of cDNA was stored at À208C until expression analysis. The PCR primer-probe design was performed using Universal Probe Library (UPL) software (Roche Diagnostics, Roche Applied Science) using UPL fluorescent probes or SYBR green detection. Primer, probe, and reference sequences are detailed in Table 1 . Real-time PCR was performed on LightCycler 480 with LC480 Probes Master or LC480 SYBR Master reagents (Roche Diagnostics), with 0.6 lM primers (Eurogentec) and 0.01 lM probe. PCR conditions were 10 min at 958C followed by 55 cycles of 10 sec at 958C, 30 sec at 608C. A dilution series of a synthetic oligonucleotide (Eurogentec) corresponding to the amplicon sequence was simultaneously run to enable quantitative measurement of expression. Samples were run in triplicate for each gene. SYBR green detection was followed by melting curve analysis to determine specificity of the amplification. As endogenous control, ribosomal Rn18s was used to obtain relative expression values [32] .
Protein 4.1B Localization
Only for the mouse gene product of Epb4.1l3, protein 4.1B, could a commercially available antibody be found (4.1B [K-18] sc-25965; Santa Cruz Biotechnologies). Fixation and staining was performed as described previously [32] . Cultured follicles and COCs and in vivo-grown COCs were fixed in 2% paraformaldehyde for 30 min at room temperature at different stages of development (Days 8, 12, and 13) and stored in PBS at 48C. After saturation with 100 mM glycine (Sigma) in PBS, cells were washed twice in PBS for 10 min, permeabilized with 0.2% Triton X-100 in PBS for 25 min, and blocked with 10% normal rabbit serum (NRS; Zymed, Invitrogen) and 5% bovine serum albumin fraction V (Sigma) in PBS for 15 min at room temperature. Overnight incubation at 48C with the primary antibody diluted 1:25 in PBS with 1% dimethyl sulfoxide (DMSO; Sigma) and 1.5% NRS was followed by 2 wash steps of 10 min with 0.02% Triton X-100 and 1.5% NRS in PBS at room temperature. The primary antibody was visualized with Alexa Fluor 488-labeled F (ab 0 ) 2 fragment of rabbit anti-goat IgG (1:200; Molecular Probes, Invitrogen) in PBS with 1% DMSO and 1.5% NRS for 2 h, followed by two wash steps of 10 min with 0.02% Triton X-100 and 1.5% NRS in PBS. Finally, follicles underwent a clearing procedure by successive washes through 50%, 70%, and 90% glycerol in PBS, and individual COCs were directly mounted in 90% glycerol in microdroplets on cover slips. Omission of the primary antibody was included as negative control and binding specificity was ascertained by preadsorbing the antibody with an excess (53 the concentration of antibody) of the neutralizing peptide (sc-25965P, Santa Cruz Biotechnologies) overnight at 48C. Fluorescence was detected by confocal microscopy (IX 70 Fluoview; Olympus, Omnilabo) with argon laser (488 nm) and filter 510-540 nm to detect Alexa Fluor (emission at 519 nm). On average 18 follicles or COCs per time point were evaluated in three replicate experiments.
Statistics
For gene expression analysis, ratios of the specific gene over the endogenous control Rn18s were calculated. Within the experimental setting 
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ANOVA with Tukey posttest or t-test was applied and differences with P , 0.05 were considered statistically different (GraphPad Prism 4.00 software). Gene expression data were presented as expression ratios in graphs with columns representing the mean and error bars the SEM.
RESULTS
In Vitro-Grown Follicle Parameters
Follicles were cultured under standard conditions with strict criteria: .90% survival and when stimulated with rhCG and rEGF on Day 12 a polar body (PB) oocyte rate of .80% was obtained, indicating good quality cultures.
Steroids E2 and P were measured in the spent medium from Day 8 onwards and expressed as daily production values ( Fig.  2A ). There was a significant increase in E2 production over the antral growth period (Day 8 to Day 12, P , 0.001) and a further increase by extending the regular culture with 2 more days (Day 12 to Day 14, P , 0.05). Basal P production during the antral growth phase significantly increased if follicles were cultured longer than 8 days (P , 0.05), although P levels remained very low if compared to P levels after the ovulatory stimulus in culture (Fig. 2B) . When mimicking the early luteinization events of the mural granulosa cell compartment in vitro, a significant increase in P concentration in time poststimulation was found. The average P production per hour post-hCG is higher during the first 16 h after stimulation (16.
Poliovirus Receptor
During antral growth in vitro Pvr expression remains continuously low from Day 6 up to Day 10 and is significantly upregulated at Day 12 (fold change 23), which is the end of regular follicle culture, when the preovulatory follicles are to be stimulated with hCG to induce oocyte maturation. The elevated Pvr expression was maintained in cumulus cells from follicles grown for 2 more days without ovulatory stimulus (Day 14) . If compared to cumulus cells at the final antral follicle growth stages in vivo, Pvr expression is comparable to early antral growth in vitro; however, in vivo antral growth in a superovulation protocol coincides with a decreased Pvr expression (P , 0.05; fold change 0.73) (Fig. 3A) . Ovulatory stimulation by hCG in eCG-primed mice did not significantly influence the Pvr expression in cumulus cells up to 24 h after hCG (Fig. 3B) . In the in vitro-grown granulosa þ theca cells, Pvr expression was augmented 16 h after the ovulatory stimulus (P , 0.05), whereafter the expression diminished to an intermediate level (Fig. 3C) . When comparing Pvr expression in the different follicular cell types in vitro and in vivo (Fig. 4, A and B) , predominantly granulosa þ theca cells expressed Pvr. In vitro, expression differences between granulosa þ theca and cumulus cells was less pronounced; at Day 12 cumulus and granulosa þ theca cells expressed equal levels of Pvr. Oocytes expressed Pvr during antral growth in vitro, which became undetectable after the ovulatory stimulus (Day 13). In vivo, oocytes did not contain any detectable Pvr. After ovulatory stimulation, Pvr expression in granulosa þ theca cells tended to increase in in vitro-grown follicles (Day 13), whereas expression in both cumulus and mural granulosa cells of in vivo-grown follicles was upregulated (P , 0.05, ANOVA þ Tukey).
Erythrocyte Protein Band 4.1-Like 3
During in vitro antral follicle growth from Day 6 to Day 10, Epb4.1l3 expression in cumulus cells rose moderately (P . 0.05), but remained low compared to expression at Day 12 and Day 14 (P , 0.001). In vivo, Epb4.1l3 cumulus expression was comparable to the in vitro Day 6 to Day 10 cumulus expression and decreased from 24 to 48 h post-eCG (P , 0.05; Fig. 3D ). After the ovulatory stimulus in in vivo-grown cumulus cells, Epb4.1l3 mRNA was detectable in only a very few samples (6/29; Fig. 3E ). In the granulosa þ theca compartment Epb4.1l3 mRNA was significantly downregulated (P , 0.001) during early luteinization events after the ovulatory stimulus in the in vitro-grown follicle (Fig. 3F) . When comparing Epb4.1l3 expression in the different follicular cell types in vitro and in vivo (Fig. 4, C and D) , Epb4.1l3 was predominantly expressed in granulosa þ theca cells during the antral growth phase. Epb4.1l3 was highly expressed in oocytes both in vitro and in vivo and after the ovulatory stimulus. Whereas in vivo, no regulation over the different time points was evident (P . 0.05, ANOVA þ Tukey), in vitro oocyte expression was upregulated during antral follicle growth. In 
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vitro expression of Epb4.1l3 in granulosa þ theca cells and oocytes was downregulated by hCG.
Regulator of G-Protein Signaling 11
Rgs11 was detectable from Day 8, expression increased 53 on Day 12, and the increase reached significance on Day 14 (P , 0.05). Unlike the previous genes Epb4.1l3 and Pvr, Rgs11 expression in cumulus cells of in vivo 48-h eCG-primed mice was equal to the levels of in vitro Days 12 and 14 (P . 0.05; Fig. 3G ). In in vivo post-hCG cumulus cells, however, Rgs11 was barely detectable (4/29 detections; Fig. 3H ). In in vitrogrown granulosa þ theca cells, the ovulatory stimulus decreased the Rgs11 mRNA by half (Fig. 3I) . During in vitro antral follicle growth, cumulus and granulosa þ theca cell expression were comparable (Fig. 4E) , whereas in vivo mural granulosa cells expressed significantly more Rgs11 compared to cumulus cells (Fig. 4F) . Oocytes expressed no detectable Rgs11 after in vitro or in vivo follicle growth. In vivo-and in vitro-grown cumulus and mural granulosa cells decreased their Rgs11 expression after the ovulatory stimulus; these differences reached statistical significance for cumulus cells in vivo and granulosa þ theca cells in vitro (P , 0.05, ANOVA þ Tukey).
Oxytocin Receptor
Oxtr was present in cumulus cells of antral follicles during their in vitro growth, with a significant rise at the preovulatory stage (Day 12), and increased significantly further in cumulus cells of follicles kept in extended culture (Day 14). In vivogrown cumulus cells in a eCG-superovulation cycle displayed an expression level similar to that of in vitro-cultured cumulus cells from Day 6 to Day 10, with a significant increase from 24 to 48 h eCG (Fig. 3J) . After the ovulatory stimulus in vivo, the signal for Oxtr was declined from 8 h onwards, and at 16 and 24 h respectively only two of six and one of five samples showed a detectable Oxtr signal (Fig. 3K) . In the granulosa þ theca compartment in vitro the Oxtr signal significantly increased in the time after the ovulatory stimulus (Fig. 3L) . Mural cells predominantly expressed Oxtr in both in vitro-and in vivo-grown follicles (Fig. 4, G and H) . However, after 12 days of culture, an upregulation of Oxtr in cumulus cells made cumulus and granulosa þ theca expression similar. In vitrogrown oocytes did not show detectable Oxtr. In vivo-grown oocytes expressed Oxtr in three of five samples at 24 h eCG, whereafter Oxtr became undetectable. The ovulatory stimulus tended to decrease Oxtr in both in vitro and in vivo cumulus cells, whereas it massively upregulated expression in mural granulosa cells in vivo (P , 0.05, ANOVA þ Tukey).
Poly (ADP-ribosyl) transferase 3 (Parp3), erythrocyte protein band 4.1-like 4b (Epb4.1l4b), sodium channel protein type 4 subunit alpha (Scn4a), and lectin galactose binding soluble 4 (Lgals4) were other genes selected from microarray analysis (see Supplemental Fig. S2 ), but were discontinued. Parp3, Epb4.1l4b, and Scn4a were barely detectable in representative cumulus cells. Low expression of Lgals4 was found during antral growth, but showed no significant differences between the different follicle growth stages (data not shown).
Protein 4.1B Localization
Protein 4.1B, the gene product of Epb4.1l3, was found in all cell types of the cultured follicle in both early antral (Day 8) and late antral (Day 12) stages and at 16 h post-hCG (Day 13) (Fig. 5) . In this culture system, theca cells formed a monolayer on which the follicle grew. The large, stretched 
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theca cells displayed 4.1B protein in the vicinity of the nucleus and followed the actin filaments, which were numerous along the longitude of the cell. Mural granulosa cells also attached to the bottom of the well in between theca cells and displayed a focal perinuclear staining in the cytoplasm and stronger signal in the protrusions. Also in the mural granulosa cells in the follicle wall, 4.1B staining was found, which cannot be attributed to the cytoplasmic or membranal region because of the small cytoplasm to nucleus ratio of granulosa cells. To obtain a more detailed view, COCs collected from in vitro-(Days 8, 12, and 13) and in vivogrown follicles (48 h after eCG and 14 h after hCG) were fixed and stained. Both in vivo-and in vitro-grown COCs displayed a cytoplasmic/membranal staining. This was seen regardless of the follicular stage or ovulatory stimulation with hCG. The oocyte showed a cytoplasmic signal in all conditions; however, a signal was not shown in the nucleus. Confocal microscopy has limited quantitative power, but within comparisons all COCs were stained simultaneously and scanned at identical photomultiplier tube voltage (PMT) settings. As such, no increase in protein from Day 8 to Day 12 could be detected; however, less signal was seen after the ovulatory stimulus in cumulus cells.
DISCUSSION
This paper shows the first detection of expression of Pvr, Epb4.1l3, and Rgs11 and confirms the presence of Oxtr in the different mouse follicular cell types. These genes were selected to be upregulated during in vitro antral follicle growth in microarray experiments, which were confirmed by RT-PCR in the present study. All four genes showed significant increase of cumulus cell expression from the early antral (Days 6-8) to the late antral (Days 12-14) stage, whereas in vivo late antral follicles harvested in a superovulation protocol showed increased cumulus cell expression for Rgs11 and Oxtr and decreased expression for Pvr and Epb4.1l3. These genes are also regulated by the ovulatory stimulus. In in vivo cumulus cells, gene expression drastically dropped; only Pvr remained stably expressed. In the in vitro granulosa þ theca cell compartment, Epb4.1l3 and Rgs11 were significantly downregulated by the ovulatory stimulus during early luteinization and Oxtr and Pvr were upregulated. All genes were predominantly expressed by mural granulosa cells in vivo; this difference was less pronounced in in vitro granulosa þ theca cells. Oocytes did not show detectable expression for Rgs11 and Oxtr (except at 24 h eCG in vivo), whereas Epb4.1l3 was highly expressed in both in vivo-and in vitro- . COCs were isolated from respectively an 8 (C), 12 (D), or 13 (E) days cultured follicle, where C and D are antral follicles before the ovulatory stimulus and hence include a GV oocyte, and E represents a mucified COC 16 h after the ovulatory stimulus embedding a PB oocyte. COCs from in vivo-grown follicles were isolated 48 h after eCG (F, G) or 14 h after hCG (H). Negative control, where the first antibody was omitted, is shown in F.
GENE EXPRESSION DURING ANTRAL FOLLICLE GROWTH grown oocytes. Pvr was not found in in vivo-grown oocytes, but was present in in vitro-grown oocytes before the ovulatory stimulus (overview Fig. 6 ).
Pvr and Epb4.1l3
In human, low Pvr expression has been found in testis and ovary [4] . We could indeed detect Pvr in mouse in in vitro-and in vivo-grown ovarian follicles in granulosa þ theca and cumulus cells and after hCG in cumulus and early luteinizing granulosa þ theca cells. To predict the function of Pvr in the female reproductive system, we related to data in testis. PVR is found diffusely distributed exclusively on Sertoli cells, where it interacts with its receptor cell adhesion molecule 1 (CADM1), expressed exclusively on spermatogonia, and functions as an important adhesion couple throughout spermatogenesis, because the male Cadm1 knockout mouse is infertile [33, 34] . Analogous to male Sertoli cells, cumulus cells are the ''nursing cells'' of the oocyte [35] , where interconnectivity and communication is of vital importance. We also detected Pvr in the oocytes of in vitro-grown follicles and granulosa þ theca cells, and it has been documented that the female Cadm1 knockout retains her fertility [36] , making the adhesion mechanism of PVR in the ovary more general, with more redundancy or of less functional importance than described in testis. Another possible function for PVR is cell-matrix adhesion, mediated through vitronectin and important in sperm-oolemma binding [37] , but vitronectin was not found in the cumulus or in growing follicles (see Supplemental Fig.  S3 ). PVR has also been described in cell migration and proliferation [8] ; however, increased Pvr expression as described here during antral growth and luteinization coincides with very limited proliferative activity [38] .
CADM1, the receptor of PVR, possesses a protein 4.1-binding motif that interacts with the gene product of Epb4.1l3, which then connects to the actin cytoskeleton [39] . The coexpression of Epb4.1l3 and Pvr, possibly linked by Cadm1, during antral growth suggests an upregulation of the adhesion mechanisms both between the different follicular cell types and within the cells of a compartment. In-house microarray data show the presence of Cadm1 in cumulus cells during antral growth and after the ovulatory stimulus (see Supplemental Fig.  S3 ). In the oocyte, presence of Cadm1 was shown during oocyte growth [40] . The presence of Pvr, Epb4.1l3, and Cadm1 [40] during in vivo and in vitro antral growth gives support to the hypothesis that the Pvr-Cadm1-Epb4.1l3 interaction, as reported in spermatogenesis, could also be functional during antral follicle growth. After the ovulatory stimulus is given, Pvr was induced in somatic cells and absent in oocytes both in vitro and in vivo, whereas Epb4.1l3 remained present in oocytes, but was nearly absent in in vitro somatic cells. In contrast, Epb4.1l3 remained present in in vivo somatic cells. Loss of adhesion mechanisms in in vitro hCG-stimulated follicles could hence occur, similar to in vitro maturation, which had already been described to induce rapid loss of contact between oocyte and cumulus with detrimental effects on developmental capacity [41] . Because EGF does not induce Pvr upregulation like other growth factors (PDGF, FGF; [10] ), the upregulation of Pvr after the ovulatory stimulus in mural granulosa cells, the follicular compartment with highest LHCGR concentration, suggests an induction through hCG.
Regulator of G-Protein Signaling 11
Up to now, only Rgs2 is documented in granulosa and cumulus cells, where it is presumed to attenuate G-protein 
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signaling in the early hours after the ovulation stimulus in the follicle. We describe here another family member, Rgs11, which is expressed in the somatic cells of the growing follicle in vitro and in vivo, and downregulated after hCG. Rgs11 was not found in oocytes. Most of the work regarding Rgs11 has been done in brain and retina. However, the exact working mechanism and pathway in which RGS11 exerts its function are not yet fully understood. To ensure functionality and stability, R7 RGS proteins RGS6, RGS7, RGS9, and RGS11 form heterotrimeric complexes with the atypical GNB5 [42] and RGS7BP or R9AP [43, 44] . In-house microarray results in cumulus cells indicated that Gnb5 and R7bp were regulated during antral growth and after the ovulatory stimulus, similar to the pattern described here for Rgs11, which suggests active RGS11 complexes in cumulus cells (see Supplemental Fig.  S4 ). RGS7BP associates with the plasma membrane, but also contains a nuclear localization signal, resulting in flexibility in localization of the heterotrimer [43, 45] . The subfamily of R7 RGS proteins selectively stimulates GTP hydrolysis on alpha subunits of the Gi/o class of G proteins [46, 47] , e.g., used by the glutamate-mGluR6 system, which is associated with RGS11 [48] . Gi/o alpha proteins will typically inhibit adenylyl cyclases and hence cAMP production. Rapid deactivation of Gi/o could overcome this inhibition and hereby allow cAMP production. This could be an addition to the cAMP produced downstream of the FSH receptor (FSHR) through Gs alpha [49] . In this study Rgs11 was not found in the oocyte, which indicates there is probably no direct effect of RGS11 on the oocyte's cAMP production and hence maintenance of meiotic arrest. However, the tendency of increased expression of Rgs11 during antral growth in vitro as in vivo could be in line with the general hypothesis of a helping effect of cAMP produced by the somatic cells and delivered to the oocyte to keep the oocyte in meiotic arrest.
Oxytocin Receptor
The OXT-OXTR system has been intensively studied in bovine and human, but is only poorly documented in mice. A downstream effect of OXT binding on OXTR on granulosa cells in the presence of hCG is an increase in P production due to luteinization [50] . In the early luteinization setting in vitro Oxtr mRNA increased significantly over time (24 and 48 h post-hCG; P , 0.05), as did the production of P, which indicates the remnant follicle had the capacity to luteinize in culture. After the ovulatory stimulus in vivo, mural granulosa cells showed high Oxtr expression. Oxtr was also detected in granulosa cells of in vivo-and in vitro-grown antral follicles and cumulus cells, albeit to a lesser extent. This is in concordance with bovine results, where OXTR was found in granulosa cells of small antral, large antral, and hCGstimulated follicles [51] . In this study, Oxtr mRNA was present from the early antral stage and increased during antral growth in cumulus cells both in vivo and in vitro. This suggests a function of Oxtr during antral growth, rather than a defective differentiation of the cumulus cells induced by culture, because the P levels during antral growth are negligible compared to hCG-stimulated production by luteinized cells, and E2 levels are rising during culture. The estrogen-responsive element consensus sequence in the Oxtr promoter region [29] could hence augment Oxtr mRNA expression in the presence of E2 during in vitro culture, as is described in rat uterus [52] . After the ovulatory stimulus Oxtr mRNA declined in in vivo cumulus cells, but remained present and hence available for effects of OXT described on cumulus expansion (bovine [51] ), ovulation (mouse [53] ), and embryo culture (human [54] ).
OXT secretion displays a dramatic increase after the LH surge [55] and possibly autoregulates expression of its receptor.
Follicle Culture
Because the antral growth phase is difficult to assess in vivo, follicles were grown synchronically in culture under welldefined conditions, giving rise to meiotically competent oocytes after the ovulatory stimulus. However, oocyte developmental capacity after growth in culture is still suboptimal and culture time dependent [3, 56, 57] . In the presented gene expression data, all four genes are upregulated during in vitro growth, with the highest expression on Day 14 of culture, when oocytes lose their meiotic capacity in this culture model [3] . Secondly, Pvr, Epb4.1l3, and Oxtr were statically lower expressed on Day 8 in cumulus cells compared to granulosa þ theca cells, but because of the increase in expression in cumulus cells from Day 8 to Day 12, expression differences between cumulus and granulosa þ theca on Day 12 were abolished. Collection of mural granulosa, cumulus, and oocytes from in vivo-grown mouse follicles harvested in a superovulation protocol (Fig. 4 , B, D, F, and H) confirmed the predominant expression of the selected genes in mural granulosa cells. The differentiation of cumulus cells in vitro to a more mural granulosa-like expression status by Day 12 of culture could indicate either an inability of the oocyte to produce the necessary levels of oocyte secreted factors [58] or the dilution of such factors into the medium as a result of follicle remodeling in culture. In our culture system, oocytes had already obtained a surrounded nuclear conformation (SN) on Day 8 [3] , which temporally coincided with reduced transcriptional activity in the oocyte [56, 59] , leading to decreased developmental competence if prolonged in time [56] . This reinforced our hypothesis of an inability of the SN oocyte to keep cumulus cells from differentiating into a mural granulosa phenotype.
Steroid measurement ensured that follicles remained estrogenic during prolonged antral growth (Day 14), ruling out an inappropriate differentiation of granulosa cells into lutein cells. Importantly, the upregulation during antral growth in vitro was in accordance with in vivo eCG-primed mice for Rgs11 and Oxtr, contradicting the possible negative effects induced by culture as suggested above for these genes. The presumed function of Rgs11 in augmenting somatic cell cAMP and the positive involvement of Oxtr in cumulus expansion hence indicated the induction of these genes during antral growth in culture was beneficial. In contrast, the different expression pattern in vivo versus in vitro of Pvr and Epb4.1l3, hypothetically involved in the loss of interfollicular adhesion mechanisms after the ovulation stimulus in vitro, indicated a negative evolution. We described optimal meiotic competence after 12 days of culture, where improved fertilization results were obtained with 8 days cultured oocytes, indicating an asynchrony between nuclear and cytoplasmic maturation in culture [3] . This asynchrony is also found in the current gene expression data, where Rgs11 and Oxtr seem to be timely expressed and Pvr and Epb4.1l3 disregulated.
In conclusion, we describe for the first time the expression of Pvr, Epb4.1l3, Rgs11, and Oxtr in mouse ovarian follicle cells. Epb4.1l3 was predominantly found in the oocyte, which was also confirmed by protein analysis. Rgs11 was exclusively found in somatic cells. Although their function in folliculogenesis remains to be further elucidated, they all are regulated in cumulus and granulosa cells during antral growth and by the ovulatory stimulus in vitro and in vivo. Rgs11 and Oxtr expression during in vitro antral growth showed a similar GENE EXPRESSION DURING ANTRAL FOLLICLE GROWTH pattern as in vivo, whereas Pvr and Epb4.1l3 were disregulated, showing expression levels similar to the granulosa þ theca cell type. Hence, interesting novel pathways in folliculogenesis were found and the expression of the genes can be used both as positive (Rgs11, Oxtr) and negative (Pvr, Epb4.1l3) markers for follicle development in culture.
